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Abstract 
This study conducted real-time and synchronous measurements on the wind velocities and dust concentrations at various heights 
during several dust storms passing through the desertified land in northwest China. Under near-neutral stratification conditions, 
Original data were filtered strictly with the anomalous-point exclusion method and stabilization analysis. Wavelet analysis on the 
stream-wise wind energy spectrum reveal that there exist Large Scale Motions (LSMs) and Very Large Scale Motions (VLSMs) 
in the flow fields of dust storms, and the VLSMs above 8m dominate the transport of PM10 in the near-surface layer during dust 
storms. 
© 2013 The Authors. Published by Elsevier B.V. 
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1. Introduction 
As one of the extreme weather processes in natural, dust storm is acknowledged as a kind of complex gas-solid 
two-phase flow happening in the atmospheric boundary layer at Reynolds number as high as 106-108. Such air-
sand/dust flow is characterized by strong fluctuation and instability which make the stationary wind hypothesis (a 
widely used hypothesis since the establishment of the physic of wind-blown sand movements by Bagnold) unable to 
accurately describe it. In most of the contemporary dust forecasting models, for example the global models DEAD, 
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ITRZ and the regional models CEMSYS5, DREAM, COAMPS, NARCM etc., the flow field was solved by RANS 
combining with the K-theory which cannot depict the fluctuation information associated with the large-scale 
coherent structures within it. However, these large scale flow structures play a dominating role in the transport of 
mass and momentum etc [1, 2]. Such weakness mainly comes from the reason that many issues relating to the scaling 
law, understanding of the physical processes, experimental technologies and numerical models remain open in the 
field of wall-bounded turbulent flows at high Reynolds number. 
In order to obtain the information of the near-wall turbulent structures in the atmospheric boundary layer at 
higher Reynolds numbers, it is necessary to conduct fine measurements on the air flows in atmospheric boundary 
layers without the influence of surface roughness, and to acquire the measurement data on turbulent structures 
excluding the impact of thermal dynamical instability. In this regard, the establishment of the Surface Layer 
Turbulence and Environmental Science Test (SLTEST) site on the salt playa of Utah’s Western desert by Metzger 
and Klewicki has been very influential [3, 4]. It should be said that their work on high Reynolds number wall 
turbulence in atmospheric surface layers [5] has been the most systematic observations by far. However, their 
observations only described the flow structures of clean wind field (without sand/dust particles) with a friction 
velocity of about 0.14m/ s (the wind velocity at 5 m height is less than 5m/s and Reτ is about 5 × 105). 
Except that, although there are many studies focusing on the change of dust concentration on the synoptic scale [6, 
7], rare work has clarified the relationship between dust concentration and turbulent structures in the flow fields in 
detail. Some scholars, such as Bauer [8], Leenders et al. [9], Baas [10] and Zeng et al. [11] studied the influence of the 
turbulent structures in wind fields or wind gusts on sediment transport rate, but their results did not give a consistent 
conclusion on the correlation between turbulent structures and dust concentrations. The main reason is that the 
accurate measurements on the near-surface wind-sand flows are very difficult to achieve, which are not only limited 
by the size of measuring instruments and measuring frequency, but also by the constraints of measuring site and 
time [10]. 
Recently, the authors’ group conducted real-time and synchronous measurements on the wind velocities and dust 
concentrations at various heights on desertified land surfaces during the period from March, 2010 to May, 2013. The 
measurements last 102 days (around 2440 hours), including measurements during 23 dust storm events (about 214 
hours). The measured results revealed the existence of LSMs and VLSMs in the flow fields of dust storms, and 
suggested a transition area for the two kinds of turbulent structures. Furthermore, the measurements found that 
VLSMs above 8m play a dominating role in the transport of PM10 in the near-surface layer during dust storms. 
2. Measurements and Data Processing 
2.1 Measuring site and apparatus 
The authors’ group built a 50-high observation tower at the edge of the Badain Jaran Desert (38Ǆ37.7’N, 102Ǆ
55.2’E), as shown in Figure 1a. The cross-section of the tower is a 2mh2m rectangular. Measuring the wind 
velocity at 300m above the land surface with the tethered balloon gives an estimate of the atmospheric boundary 
layer thickness during the measurements that 150 ~ 160mG | , which agrees with the existing measurements [12, 13]. 
The apparatus equipped on the observation tower to measure wind velocity and dust concentration are the CSAT-3D 
ultrasonic anemometer (with a sampling frequency of 50Hz) manufactured by the Campbell Inc. and the 
DUSTTRAKTM 8520 aerosol monitor (with a sampling frequency of 0.2Hz) by TSI respectively. The probe of the 
ultrasonic anemometer on the tower was 0.75m away from the tower edge and mounted in the way shown as Figure 
1b. Simulations and testing indicate that such distance can prevent the measurement from the tower’s interference. 
The dust monitors were equipped at the northwestern corner of the tower, as shown in Figure 1b. Figure 1c shows 
the measured average wind profile under the near-neutral stratification conditions. Compared with the wind profile 
of the boundary layer on a smooth flat plate ( (ln ) / 5.0U y N   ), it has an offset of 3, 12sU k ' | | , which is less 
than the results max 5, 32sU k
 ' | | measured at SLTEST by Hutchins et al[14]. Therefore, it is reasonable to regard 
the surface conditions of the observation site satisfy the requirements of hydrodynamic smooth surface [14]. 
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Figure 1. (a) the observation tower and surrounding terrain; (b) schematic drawing of the apparatus set-up; (c) the measured average wind profile 
compared with other experimental results  
2.2 Measuring period 
The measurements last form March 18, 2010 to May 14, 2012, in which the measurements on wind velocities 
started from March 18, 2010, and the measurements on dust concentration started from March 29, 2010. The 
measured data include simultaneous wind-velocity data at various heights which last 102 days (about 2440 hours) 
and simultaneous data of wind velocities and dust concentrations which last 85 days (about 1580 hours). The wind-
velocity probes were equipped at 11 heights, that is, 0.5 m, 1.0m, 2.0 m, 3.0m, 6.0m, 7.0m, 8.0 m, 16.0 m, 32.0 m 
and 47.0 m respectively, the corresponding measuring heights for dust concentrations are 0.5 m, 1.0 m, 2.0 m, 8.0 m, 
16.0 m and 47.0 m respectively. 
2.3 near-neutral conditions 
Since only the measurements under the near-neutral conditions in the atmospheric boundary layer can provide a 
reliable depiction of the high Reynolds number wall turbulence [4], this study adopted the monin-obukhov 
stratification parameter [15] to filter the measured data, that is, selecting the data segments satisfying 
3| / | | / | 0.1z L zgw TuWN T    for further analysis, where z=2m, L is the Obukhov length, T is the average atmospheric 
surface temperature, N is the Karman constant, g is the gravity acceleration, 1/2( ' ')u u wW    is the frictional wind 
velocity calculated by the wind velocity at 2m, wT  is the turbulent heat flux which is the covariance of the vertical 
wind fluctuation (w) and temperature fluctuation. 
2.4 Anomalous-point exclusion and angle-adjustment 
Due to the influence of environmental factors such as the impact of moving sand particles to probes, the 
ultrasonic wave scattering by sand particles and the interference of interior circuits etc., it is inevitable to produce 
some anomalous points in the measured data. Besides deleting the anomalous data marked by the ultrasonic 
anemometer, we preceded the anomalous points based on the Gaussian random process method, i.e., for an 
instantaneous wind velocity 4 times the standard deviation higher than the 1-hour average value, we replaced it by 
its linear interpolation with last and next values; for a data segment in which the number of anomalous points takes 
more than 0.2% of the total amount of data, we abandoned it. 
Since it is hard to keep the probe pointing the same direction with the inflow, it is necessary to make angle-
adjustment to the measured data (u0, v0) with trigonometric conversion 0 0cos sinu u vT T  , 
0 0sin cosv u vT T   ,  0 0arctan v uT   so that the data of u and v after the adjustment represent the actual 
streamwise and lateral wind velocities respectively. 
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2.5 Steady state Analysis 
In order to exclude the instability introduced by the wind gust and the drastic  change of wind direction, it is 
necessary to conduct stability analysis on the measured data and select the stable data segments for further analysis 
[14]. Here we adopted the criteria proposed by Foken et al. [16] to pick out the high-qulity data, i.e., the steady state 
test (IST) of the data should satisfy IST = | (CVm-CV1h) /CV1h |<30%, in which CV1h represents the variance of 1-hour 
data, CVm=6CVi /12, and CVi is the variance of the measured data in each 5 minutes within the hour. 
After above treatments, we obtained 85 sets of high-quality data (each lasts 1 hour) for the wind fields. In order 
to analysis the turbulent characteristic of the air flows of dust storms, we select out 8 sets of high-quality data over 
the period of April 14-26, 2010 when two dust storms passed through the measuring site and the wind velocities 
were relatively high to present our results. 
3. The coherent structures in the flow fields of dust storms  
3.1 Turbulent intensity 
Figure 2 shows the turbulent intensity of the streamwise wind varying with Reynolds number. It demonstrates 
that the turbulent intensity measured in this study increases with Reynolds number in an approximate log-linear way, 
which agree with the existing experimental results measured in flat-plate turbulent boundary layers and the 
measurements at SLTEST [14]. Combing Figure 2 with Figure 1c, it can be concluded that under the near neutral 
conditions the atmospheric surface layer can be categorized as a flat-plate turbulent boundary layer not only for the 
cases that the wind velocities are less than 5 m/s but also for dust storms where Reynolds number reaches 106. 
   
Figure 2. The turbulent intensity of the streamwise                     Figure 3. The normalized energy spectra of the streamwise 
                  wind velocity varying with Reynolds number                             wind velocity during 16:00-17:00 on April 26,2010 
3.2 Turbulent structures of near-surface air flows 
Based on the maximum energy criterion used to detect the turbulent structures in flow fields, we can decompose 
the wind-velocity u(ti) into sub-scale signals with the Daubechies wavelet (db3)[17], and further calculate the sub-
scale wind fluctuations ( )l iu t  and the sub-scale energy 
l
uE . Due to limitations on space, we just plot the energy 
spectra of the streamwise wind during 16:00-17:00 on April 26, 2010 in Figure 3. It can be found that all the curves 
for 1.0m, 2.0m, 8.0m and 16.0m display a single-peak feature with their dominating frequencies are 0.2Hz (for the 
former two cases) and 0.012Hz (for the latter two cases) which shows a difference of at least one order of magnitude. 
In particular, the 4m-curve display a double-peak feature in which two dominating frequencies respectively 
correspond with that of 2m- and 8m-curves. In order to eliminate the slight randomness of energy spectra introduced 
by environmental factors (such as temperature, air humidity etc.) [18, 19], we treat the 8 sets of energy spectra data 
with similar 8m-wind-velocity during the two dust storm events on April 14 and 26, 2010 by arithmetic average. 
Figure 4 shows the average normalized energy spectra of the streamwise wind velocities at various heights from 
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0.5m to 47.0m. It can be clearly identified that the dominating frequency of the energy spectra curves below 2m is 
0.1~0.2Hz which is an order of magnitude larger than that above 8m. Therefore, there exist two kinds of coherent 
structures with different typical length scales in the atmospheric surface flows of dust storms. 
Based on the Taylor’s hypothesis, we can calculate the streamwise scales of the two kinds of coherent structures 
below 2m and above 8m respectively. The former is 50m-100m (0.31δ-0.63δ) which can be defined as LSMs, while 
the latter is 1000m-1300m (6.3δ-8.1δ) which can be defined as VLSMs. Between them, i.e., in the range of 
3.0~7.0m, the lower peaks at 0.1̚0.2Hz gradually disappear while the higher peaks at 0.012Hz become more 
salient with the height increasing. It implies that in this region the percentage of LSMs gradually decreases while 
that of VLSMs increases with height. 
  
Figure 4. The average normalized energy spectra                                   Figure 5. The probability density function (PDF) 
at various heights, in which f (Hz)=f0/2j represents                                    of the PM10 concentration at various heights 
                       the corresponding frequency of the sub-scale  
fluctuation, 
 
f0 is the sampling frequency, 
                         
j is the order of the sub-scale fluctuation. 
4. The near-surface dust concentration during dust storms 
Figure 5 shows the probability density function (PDF) of the PM10 concentration at various heights during 
17:30-18:30 on April 14, 2010. All curves satisfy log-normal distributions with the kurtosis above 3. It indicates that 
the transport of PM10 dusts is non-uniform and has a strong intermittency. Figure 6 shows the mean normalized 
energy spectra curves of the PM10 concentrations and the streamwise wind velocities at various heights. It can be 
found that for each height the mean normalized energy spectra of PM10 concentration has an obvious peak, and the 
corresponding dominating frequencies for curves above 16m and below 2m are all around 0.013Hz. Therefore, the 
transport of PM10 displays a specific structure characteristic and the dominating frequency does not vary with 
height during the same dust storm event. Comparing the energy spectra of dust concentrations with that of wind 
velocities at the different heights in Figures 6a and 6b, we can find that the dominating frequencies (about 0.012Hz) 
of PM10 curves below 2m are an order of magnitude less than that of the streamwise wind velocity curve below 2m 
(0.1~0.2Hz), but close to that at 16m. Similar situation also occurs for another 7 sets of measured data which 
therefore indicates that the structure of PM10 concentration has a close relationship with the VLSMs in dust storms, 
in other words, the VLSMs in the flow fields play a dominating role in the transport of PM10 dust particles. 
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Figure 6. The mean normalized energy spectra curves of the PM10 concentrations and streamwise wind velocities at various heights. 
5. Conclusion 
This study conducted simultaneous measurements on the wind velocities and dust concentrations at various 
heights near the land surface during several dust storms. Analysis on the measured data after strict filtering gives the 
following conclusions: 1) the atmospheric surface layer with the near-neutral conditions during the stable stage of 
dust storms is analogous to a flat-plate canonical turbulent boundary layer ; 2) under the near-neutral stratification 
conditions, two types of turbulent flow motions are identified in the flow fields of dust storms, i.e., large scale 
motions (LSMs) and very large scale motions (VLSMs). The flow structure demonstrates a regional feature, that is, 
LSMs were found below 2m and VLSMs were above 8m, a specific transition region where LSMs and VLSMs 
coexist was revealed from 3m to 7m. In the transition region, the percentage of the turbulent kinetic energy 
contributed by LSMs gradually decreases and that by VLSMs increases with height; and 3) the transport of PM10 
dust particles at various heights during dust storms display strong intermittency which are obviously influenced by 
the VLSMs of the streamwise air flows. 
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